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O uso da biologia molecular como ferramenta de diagnóstico microbiológico vem se expandindo 
no setor da medicina laboratorial. Novas plataformas aparecem com a prerrogativa de facilitar e acelerar o 
processo de análise. O uso de sistemas automatizados, que realizam extração, amplificação e detecção de 
ácidos nucleicos dentro da mesma plataforma, permite maior precisão e facilidade ao desenvolvimento de 
um novo teste por apresentarem todos os processos acoplados e reagentes disponíveis para o processo. 
Dentre as plataformas automatizadas,  uma das que se destacam é o BD Max™ (Becton Dickinson 
Diagnostics). O sistema BD Max é uma plataforma automatizada aberta, que combina a extração de 
ácidos nucleicos, PCR (Reação de Polimerização em Cadeia) em tempo real e detecção dentro do mesmo 
instrumento, oferecendo a opção de usar os testes aprovados pelo Food and Drug Administration (FDA) e 
também, testes desenvolvidos pelo usuário. Com o objetivo de testar os recursos que a modalidade aberta 
da plataforma BD Max oferece, foram desenvolvidos três estudos distintos para o diagnóstico molecular 
de agentes infecciosos direto de amostras clínicas. Estudo 1: O objetivo deste estudo foi validar um teste 
multiplex usando a tecnologia PCR em tempo real no sistema aberto BD MAX™, para detectar o 
complexo Mycobacterium tuberculosis (CMT), complexo Mycobacterium avium (CMA) e 
Mycobacterium spp. (PAN) diretamente de amostras clínicas. Quando os resultados do novo teste foram 
comparados com os resultados da cultura, a reação de PCR apresentou especificidade de 97,1%, 100% e 
100% para CMT, CMA e PAN, respectivamente. Estudo 2: O objetivo deste estudo foi validar um teste 
multiplex usando a tecnologia PCR em tempo real no sistema aberto BD MAX™ para detectar o grupo 
Mycobacterium abscessus (GMA), complexo Mycobacterium fortuitum (CMF) e Mycobacterium 
chelonae (MC), diretamente de amostras clínicas. Quando os resultados do novo teste foram comparados 
com os resultados da cultura, uma concordância de 97%, 100% e 99% para GMA, CMF e MC, 
respectivamente foi observada. Estudo 3: O objetivo deste estudo foi validar um teste multiplex usando a 
tecnologia PCR em tempo real no sistema aberto BD MAX™ para detectar e identificar Achromobacter 
xylosoxidans (AX), Burkholderia cepacia (BC), Pseudomonas aeruginosa (PSA) e Stenotrophomonas 
maltophilia (SM) diretamente de amostras respiratórias de pacientes portadores de Fibrose Cística (FC). 
Quando os resultados do novo teste foram comparados com os resultados da cultura, uma alta 
concordância foi observada entre as duas metodologias.  Conclusão: Os 3 testes desenvolvidos provaram 
ser específicos e sensíveis para detectar por PCR em tempo real microrganismos causadores de infeção 
direto da amostra clínica.  A plataforma automatizada BD Max provou ser uma excelente ferramenta para 








The use of molecular biology as a tool for microbiology diagnostic has been expanding in the 
laboratory routine. Despite of the strong growth of the area, companies can not afford the demand about 
epidemiological changes around the world and for this reason laboratories opt to develop their own 
methods. New platforms appear with the prerogative to facilitate and accelerate the analysis process. The 
use of automated sample-in results-out platforms allows higher precision and facilitates the development 
of a new test by presenting all attached processes and reagents available for the test. Among platforms 
that best fits this profile, the BD Max™ (BD Diagnostics) is one of the most used ones. The BD Max 
system is an automated open platform that combines extraction and real time PCR  in the same 
instrument, offering the option of using  tests approved by the FDA or the open platform mode for user-
developed test. In order to explore the  BD Max open mode platform, three differents studies were 
developed to detect the microorganisms that causes infection directly from clinical samples. Study 1: A 
multiplex real time PCR was validated on the BD MAX™ open mode system to detect Mycobacterium 
tuberculosis complex (MTC), Mycobacterium avium complex (MAC) and Mycobacterium spp. (PAN) 
directly from clinical specimens. When compared to culture results, the new BD MAX PCR test 
presented specificities of 97.1%, 100% and 100% for MTC, MAC and PAN, respectively. Study 2: A 
multiplex real time PCR was validated on the BD MAX™ open mode system to detect Mycobacterium 
abscesses Group (MAG), Mycobacterium fortuitum complex (MFC) and Mycobacterium chelonae (MC) 
directly from clinical specimens. When compared to  culture results, the new BD Max PCR test presented 
an overall agreement of  97%, 99% and 100% for the detection of MAG, MFC and MC, respectively. 
Study 3: A multiplex real time PCR was validated on the BD MAX™ open mode system to detect 
Achromobacter xylosoxidans (AX), Burkholderia cepacia (BC), Pseudomonas aeruginosa (PSA) and 
Stenotrophomonas maltophilia (SM) directly from clinical specimens collected from Cystic Fibrosis 
patients. When culture results were compared to the new BD Max PCR test results, a high overall 
agreement were observed between both methodologies.  Conclusion: All 3 tests proved to be specific and 
sensitive to detect different microorganisms associated with infections, directly from clinical samples. 




A introdução do uso da biologia molecular como ferramenta de diagnóstico nos 
laboratórios clínicos revolucionou a detecção de doenças infecciosas. Métodos clássicos de 
detecção e identificação de patógenos causadores de doenças infecciosas podem ser substituídos 
ou complementados por novas técnicas permitindo o diagnóstico precoce e específico da doença, 
assim como a escolha de um tratamento seletivo e individual para cada caso.  
 
1.1 Métodos moleculares aplicados no diagnóstico Microbiológico 
O primeiro método introduzido no diagnóstico microbiológico foi a Reação de 
Polimerização em Cadeia (PCR). Desenvolvida por Kelly Mullis em 1983, esta metodologia 
consiste na amplificação do número de cópias de Ácido Desoxirribonucleico (DNA), que após 
extraído, é misturado com dNTPs (desoxirribunucleotídeos trifosfatos), oligonucleotídeos 
(primers) iniciadores da reação e Taq-DNA polimerase. A reação é fácil de ser executada e é 
desenvolvida em três fases no termociclador: desnaturação do DNA, anelamento dos primers e 
extensão das fitas de DNA. Na primeira etapa, desnaturação, a dupla fita de DNA é separada; na 
segunda etapa, anelamento, os primers se posicionam junto a fita simples de DNA e, na terceira 
etapa, a Taq DNA polimerase inicia a extensão do DNA (Konenam et al.. 2006).  
Uma importante revolução ocorreu no diagnóstico molecular com o advento da PCR em 
tempo real (qPCR). Para solucionar as desvantagens que a PCR convencional apresentava, tais 
como a necessidade da análise pós PCR e a baixa sensibilidade, a qPCR apareceu como um 
refinamento da técnica original de PCR.  A qPCR permite que a amplificação e detecção de 
resultados ocorram simultaneamente por meio da emissão de fluorescência. Nestas reações, 
sondas específicas marcadas com fluoróforos ou temperaturas de desnaturação de uma seqüência 
de DNA dupla fita (“Temperatura de melting” - Tm) marcada com substância intercalante 
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fluorescente, são utilizadas. A fluorescência é proporcional a quantidade de produto formado em 
cada ciclo e o número de ciclos de amplificação necessários para obter uma determinada 
quantidade de DNA é registrado (Kubista et al., 2006).  
Dentre as variações da qPCR que podem ser aplicadas no diagnóstico clínico, estão a 
PCR transcriptase reversa (RT-PCR) e o qPCR multiplex. A RT-PCR refere-se a uma reação de 
transcriptase reversa, seguida de uma PCR. A partir do RNA, a enzima transcriptase reversa 
sintetiza uma cadeia de DNA complementar (cDNA) e ao cDNA formado aplica-se a técnica 
de PCR. A técnica foi primeiramente empregada para a identificação de vírus contendo RNA 
(Sellner et al., 1998; Tong et al., 2015). Porém, devido a sua alta sensibilidade e especificidade 
passou a ser uma ferramenta de identificação bacteriana (Costaglioli et al., 2014). Já a qPCR 
multiplex envolve a amplificação de mais de um alvo simultaneamente pela adição de diferentes 
conjuntos de primers específicos no mesmo tubo de reação. É uma estratégia de amplificação de 
uso conveniente para detecção de DNA de agentes infecciosos por acelerar e reduzir o custo do 
processo (Csako et al., 2006).  
Outra metodologia incorporada ao diagnóstico microbiológico, que antes era 
exclusivamente aplicada à pesquisa, é o sequenciamento pelo método de Sanger. A partir de um 
produto de PCR é realizada uma polimerização de DNA de fita simples com nucleotídeos 
modificados, os didesoxiribonucleotídeos que, ao serem adicionados na extenção do DNA, 
impedem a ligação fosfodiester com o nucleotídeo subsequente e assim a amplificação do 
fragmento de DNA é finalizada (Sanger et al., 1977). Por ser uma técnica laboriosa e que 
necessita análise especializada, laboratórios clínicos aderiram ao uso de kits de sequenciamento 
para análise microbiológica no qual as etapas são realizadas seguindo protocolo do fabricante e a 
análise pode ser feita no próprio software instalado no aparelho (Arosio et al., 2008).  
Ainda explorando a biologia molecular, porém mudando a molécula alvo de ácidos 
nucleícos para proteínas, a espectrometria de massas aparece como uma nova ferramenta 
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fornecendo uma identificação rápida com mínima preparação da amostra e uma potencial 
economia de custos para ser usada no diagnóstico microbiológico. A aplicação do MALDI-TOF 
MS (Matrix Assisted Laser Desorption/Ionisation Time-of-Flight Mass Spectrometry) na 
identificação bacteriana revolucionou o campo da microbiologia clínica (Singhal et al, 2015). 
Apesar de poder ser executada tanto em isolados bacterianos quanto direto de amostras clínicas, 
a metodologia de MALDI-TOF, assim como o sequenciamento de DNA, torna-se impraticáveis 
quando há presente mais de um microorganismo na amostra, havendo necessidade do cultivo 
nesses casos. Em consequência, o uso das duas metodologias direto da amostra clínica fica 
restrito a alguns casos específicos.  
 
1.2 qPCR aplicado ao Diagnóstico Microbiológico  
 
1.2.1 Fibrose Cística 
A fibrose cística (FC) é uma doença genética recessiva grave causada por mutações na 
proteína reguladora da condutância transmembranar da fibrose cística (CFTR), a qual 
compromete o transporte de cloreto de sódio em toda a célula epitelial, resultando em secreções 
que contêm uma concentração mais elevada deste sal e, consequentemente, mais viscosidade 
(Kerem et al., 1989; Boucher et al., 2004). Secreções viscosas, presentes também no pulmão 
destes pacientes, resultam em infecções respiratórias  recorrentes e representam a principal causa 
de morbidade e mortalidade nessa população de pacientes (Ciofu et al., 2013).   
Pseudomonas aeruginosa (PSA) é a bactéria Gram negativa não-fermentadora mais 
comuns isolada de infecções respiratórias em pacientes com FC. No entanto, nos últimos anos, 
algumas bactérias Gram negativas oportunistas, tais como Burkholderia cepacia (BC), 
Achromobacter xylosoxidans (AX) e Stenotrophomonas maltophilia (SM) têm sido cada vez 
mais relatadas causando infecções respiratórias nesta população (Hauser et al., 2011). Juntos, 
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esses quatro microrganismos consistem das bactérias Gram negativas não-fermentadoras mais 
prevalentes isolados em infecção respiratória de pacientes com FC. Infecções respiratórias 
causadas por esses microorganismos estão intimamente relacionados à perda da função pulmonar 
e esse fato, somado ao aparecimento de bactérias multirresistentes, torna extremamente 
importante identificar rapidamente e correctamente esses microrganismos (Qvist et al., 2015). O 
uso frequente de antibióticos e infecções respiratórias causadas por mais de um microrganismo 
são comuns em pacientes com FC e muitas vezes prejudicam os resultados da cultura destas 
secreções respiratórias.  
O isolamento bacteriano para identificação no MALDI-TOF e o sequenciamento direto 
da amostra se tornam uma missão complicada para a rotina laboratorial. Para o diagnóstico de 
infecções direto de amostras clínicas  não estéreis, tais como amostras de sítios respiratórios, o 
uso da qPCR é uma  boa opção, visto que é uma metodologia rápida e com alta especificidade, 
mesmo na presença de mais de um microrganismo. Assim, o uso de qPCR para detecção dos 
microrganismos mais frequentemente isolados em amostras respiratórias de pacientes com FC 
vem sendo explorado, porém ainda restrito à poucos agentes causadores de infecção (Doi et al., 
2008; Fothergill et al., 2013). 
 
1.2.2 Infecções por Micobactérias 
Outro exemplo interessante na qual o uso de qPCR é promissor é a detecção de 
microrganismos de crescimento lento, tais como as micobactérias. O isolamento em cultura é o 
exame mais sensível para o diagnóstico das infecções causadas por micobactérias, porém há a 
desvantagem da demora para a obtenção dos resultados, particularmente para as espécies de 
crescimento lento (Gholoobi et al., 2014). O gênero Mycobacterium é composto por 
Mycobacterium leprae, complexo Mycobacterium tuberculosis (CMT) e micobactérias não 
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tuberculosas (MNT), que podem ser micobactérias de crescimento lento (MCL) ou micobactérias 
de crescimento rápido (MCR) (Griffith et al., 2007).  
O complexo Mycobacterium tuberculosis (CMT) e o complexo Mycobacterium avium 
(CMA) são as micobactérias de crescimento lento mais comumente isoladas em infecções do 
trato respiratório em todo o mundo (Tran et al., 2014; Sevilla et al., 2015).  No entanto, o 
aumento na prevalência e na resistência a antimicrobianos nos últimos anos de infecções 
causadas por MCR (isolados mais comuns pertencente ao Complexo M. chelonae-M abscessus 
(CMC-MA) e ao complexo M. fortuitum (CMF) (Griffith et al., 2007; Prevots et al., 2010) e em 
países desenvolvidos chamou a atenção do comunidade científica. A identificação de 
micobactérias responsáveis por doenças tem implicações importantes para o controle de infecção 
e seleção de terapia antimicrobiana. No entanto, essa etapa é dificultada pelo lento crescimento 
da maioria das micobactérias, o que pode demorar até dois meses por métodos tradicionais de 
cultura (Shrestha et al., 2003; Coppenraet et al., 2004).  
As técnicas de biologia molecular tem sido cada vez mais utilizadas como ferramentas 
complementares para identificação destes patógenos. Na literatura já existem algumas opções de 
qPCR para o diagnóstico molecular de  micobactérias, entretanto essas opções são na maioria 
das vezes apenas para a identificação de Mycobcterium tuberculosis, não são realizadas direto de 
amostras clínicas e, muitas vezes,  envolvem a análise dos resultados por temperatura de melting 
(Tran et al., 2014; Sevilla et al., 2015; Cloud et al., 2005; Richardson et al., 2009; Bicmen et al., 
2011; Teo et al., 2011; Omar et al., 2011). O sequenciamento do gene hsp65 (proteína de choque 
térmico 65) é o teste molecular padrão ouro para identificações de micobactérias (Set et al., 
2011), no entanto, esta tecnologia requer uma interpretação especializada e o tempo de resultado 
é prolongado. A introdução do uso do MALDI-TOF colaborou com a identificação de 
micobactérias (O’Connor et al., 2016), porém, tanto esse teste quanto o teste de sequenciamento 
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não são possíveis de serem realizados direto de amostras que apresentam mais de uma 
micobactéria. 
O uso de métodos moleculares, como o qPCR, proporciona rapidez no diagnóstico de 
infecções causadas por micobactérias direto da amostra clínica, na qual o cultivo é lento e a 
presença de coinfecção torna impraticável o uso das outras metodologias disponíveis. A redução 
no tempo de resposta dos resultados permitem acelerar as decisões de tratamento e a as condutas 
necessárias para erradicar a transmissão. 
1.3 Métodos automatizados aplicados ao Diagnóstico Microbiológico 
A automação da rotina laboratorial vem se expandindo cada dia mais. A extração de 
DNA/RNA é realizada, na grande maioria das vezes, pela técnica de Boom por meio de sílica 
convencional ou sílica magnética (Bruns et al., 2007). O aparecimento dos extratores 
automatizados de DNA, como Nuclisens® easyMag (bioMerieux), QIAcube (Qiagen), 
QIAxtractor (Qiagen), entre outros, inseriu ainda mais agilidade e qualidade aos diagnósticos 
microbiológicos (Barra et al., 2011). A combinação da extração automatizada com qPCR 
proporcionou eficiência na detecção de patógenos causadores de infecção (Fothergill et al., 
2016). O que torna atraente o uso de um extrator molecular é a possibilidade de escolha da 
plataforma de qPCR  a ser utilizada, isto é, o laboratório pode usar o mesmo extrator para 
diferentes aparelhos e estratégias de PCR. 
O avanço do uso de extração automatizada combinada com qPCR veio com as 
plataformas automatizadas, onde a amostra primária é colocada no equipamento e todo processo 
de extração, amplificação e detecção é realizado dentro do aparelho, com reagentes  prontos e 
pouca necessidade de trabalho manual. Entre essas plataformas estão o m2000 real-time system 
(Abbott), o QIAsymphony RGQ (Qiagen), o Cobas® 4800 system (Roche), o GeneXpert 
(Cepheid) , o FilmArray (BioFire) e o BD Max™  (BD Diagnostics) (Barra et al., 2011). A 
7 
 
maioria destas plataformas automatizadas são utilizadas apenas com testes aprovados pelo FDA 
(IVD – In Vitro Diagnostics) e comercializados pelas mesmas empresas, que comercializam os 
instrumentos. Algumas delas, nos entanto, podem ser usadas num formato aberto, permitindo a 
realização de testes aprovados pelo FDA e também, testes desenvolvidos e padronizados no 
laboratório (UDP - Protocolo Desenvolvido pelo Usuário). Exemplos destas plataformas são: 
QIAsymphony RGQ (Qiagen) e BD MAX (BD Diagnostics).  
 
1.3.1 Sistema automatizado BD Max 
O sistema BD Max™ (BD Diagnostics, Sparks, MD) combina  extração de DNA/RNA e 
qPCR no mesmo instrumento. Ele oferece a opção de usar testes aprovados pelo FDA (Widen et 
al., 2014) e testes desenvolvidos pelo usuário (Hofko et al., 2014; Pillet et al., 2015). Em um 
período aproximado de 3 horas, o BD Max possibilita a extração e análise de até 24 amostras. O 
sistema possui dois termocicladores integrados ao aparelho, que são independentes e apresentam 
capacidade de testar 24 reações individuais, passíveis de realizar gradientes de temperatura para 
análise da qPCR. Testes  IVDs e UDPs podem ser realizados em diferentes corridas e o aparelho 
pode ser utilizado apenas como termociclador para reações de qPCR, ou apenas como extrator, 
para extração de ácidos nucleicos. Além disto, o sistema BD Max apresenta 5 canais de leitura 
que permitem realizar  reações multiplex para detecção de até 5 alvos diferentes.  
Atualmente, existem disponíveis 7 testes IVDs para o BD Max e mais dois que estão em 
processo de validação. Os aprovados são: BD MAX™ Cdiff Assay; BD MAX™ MRSA; BD 
MAX™ MRSA XT; BD MAX™ StaphSR; BD MAX™ GBS; BD MAX™ Enteric Bacterial 
Panel; BD MAX Enteric Parasite Panel. Os testes que ainda estão em validação são: BD MAX™ 
CT/GC/TV e BD MAX™ Vaginitis and Vaginosis (V/V) Panel. 
Para  testes UDPs, a BD comercializa diferentes tipos de kits de extração e master mix. 
Para extração de DNA, quatro kits estão disponíveis:  (a) o ExK DNA-1, utilizado em amostras 
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clínicas de plasma, soro e urina; (b) o ExK DNA-2 utlizado em amostras clínicas de líquor e 
swabs secos; (c) o ExK DNA-3, utilizado em amostras coletadas com swabs em meios de 
transporte universal e urina e (d) o ExK DNA-4, utilizado em amostras de fezes. Para ácido 
nucleico total (RNA e DNA), dois kits de esxtração estão disponíveis:  (a) o kit ExK TNA-2, 
utilizado em amostras clínicas de líquor e (b) o kit ExK TNA-3, utilizado com swabs em meio de 
transporte universal). Diferentes master mix estão disponíveis para serem usados  com os kits de 
extração: DNA MMK e TNA MMK. Existem ainda disponíveis dois kits de master mix com 
controle de processamento da amostra (SPC). Estes são: DNA MMK (SPC) e TNA MMK 
(SPC). O SPC utilizado é um fragmento do DNA de Drosophila melanogaster inserida no tubo 
de extração dos kits de extração e que pode ser detectado por um par de primers e uma sonda 
adicional nos kits de master mix. Quando  realizada a extração de RNA pelo kit de extração 
TNA, uma etapa para RT-PCR deve ser adicionado à ciclagem no termociclador .  
O uso dos métodos  IVD disponíveis para o BD MAX são amplamente difundidos 
(Silbert et al., 2015; Knabl et al., 2016; Mendes et al., 2016; Silbert et al., 2016; Shin et al., 
2016). Entretando, ainda são poucas as tentativas de desenvolver testes UDPs neste aparelho. 
Dentre as plataformas automatizadas abertas disponíves, o BD Max é a mais flexível. Nesse 
aparelho é possível validar reações usando os reagentes do próprio fabricante (Koller et al., 
2016) ou reagentes de outras empresas (Mitchell et al., 2015). Além disso, é possível realizar 
qPCR usando curva de melting (Hofko et al., 2014) e análise por sonda (Pillet et al., 2015). Até 
o momento foram descritas validações  de testes UDPs para detecção de vírus (Cardenas et al., 
2014), bactérias incomuns (Kenicer et al., 2014) e micobactérias (Rocchetti  et al., 2016). 
 A biologia molecular se destaca pela capacidade inovadora de desenvolver e validar  
exames próprios e criar soluções para pesquisas científicas e clínicas (Debnath et al., 2010). A 
introdução de um novo método de diagnóstico em laboratório clínico necessita de uma validação 
analítica e clínica, principalmente para os protocolos desenvolvidos in house, garantindo uma 
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maior confiabilidade nos testes escolhidos. De acordo com o documento MM3-A2 do “Clinical 
Laboratory Standard Institute” (CLSI, 2006), um roteiro de avaliação para introdução de novos 
métodos de diagnóstico deve ser seguido, como a determinação da sensibilidade analítica (limite 
de detecção – LoD), especificidade analítica, precisão, cutoff (valor de corte), sensibilidade e 























2. JUSTIFICATIVA E OBJETIVOS 
O uso da biologia molecular se fortalece a cada dia no diagnóstico clínico. Entretanto, 
métodos in house apresentam certas dificuldades de serem implementados  na rotina clínica, por 
serem laboriosos e necessitarem de capacitação profissional específica. Por esse motivo, as 
empresas que comercializam aparelhos e testes  de diagnóstico iniciaram uma corrida contra ao 
tempo para suprir a demanda mundial referente as necessidades de diagnóstico microbiológico 
rápido. Porém, devido as necessidades individuais que cada hospital, região e país apresenta, 
muitos laboratórios ainda optam por desenvolver métodos próprios.  
 Dentre as metodologias disponíveis, a qPCR ainda é uma boa opção para ser usada em 
casos de infecções polimicrobianas e identificação de microrganismos de crescimento lento. A 
combinação entre a extração de DNA e a metodologia qPCR chegou ao ápice quando novas 
plataformas acoplaram os dois métodos moleculares no mesmo instrumento. Entre essas 
plataformas se destaca o sistema BD Max, que apresenta testes IVDs utilizados em rotinas 
laboratoriais e o sistema aberto, que expande o uso do aparelho para o desenvolvimento de testes 
UDPs, validados “in house”. 
A presente tese de doutorado foi elaborada em parceria com o Tampa General Hospital 
(TGH – Tampa, FL, EUA) durante o estágio de doutorado sanduiche. O TGH apresenta um 
moderno setor de biologia molecular, chamado Esoteric Testing Lab, que está sob a direção do 
Dr. Raymond Widen e da Dra Suzane Silbert. Este laboratório destaca-se por realizar rotinas de 
diagnóstico molecular e pesquisas para validação e desenvolvimento de novas metodologias. O 
uso do BD Max está amplamente difundido na rotina do Estoric Lab, tanto para testes IVDs, 
como para a validação de testes UDPs.  O modo aberto da plataforma que permite a validação de 
testes UDPs, porém, ainda não é muito aproveitado mundialmente.  
Visando explorar as ferramentas que a plataforma BD Max dispõe, os objetivos do 
presente estudo foram: 
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1. Validar três testes qPCR multiplex diferentes para o diagnóstico molecular de agentes 
infecciosos direto de amostras clínicas, utilizando a modalidade aberta da plataforma 
automatizada BD Max.   
2. Comparar os resultados obtidos pelos testes moleculares com os resultados obtidos 























3. ESTUDOS  
3.1. Validation of a multiplex Real-Time PCR to Detect Mycobacterium spp., 
Mycobacterium tuberculosis Complex and Mycobacterium avium Complex Directly from 
Clinical Samples Using the BD MAX™ Open System 
O artigo foi aceito para publicação no Journal of Clinical Microbiology em março de 2016 e foi 
publicado em junho de 2016. O estudo foi apresentado na forma de pôster no encontro anual da 
Association for Molecular  Pathology – AMP, realizado entre os dias 5 a 7 de novembro de 2015 
em Austin, TX, EUA. 
3.2. Detection of Mycobacterium chelonae, Mycobacterium abscessus Group and 
Mycobacterium fortuitum Complex by a Multiplex Real-Time PCR Directly from Clinical 
Samples Using the Open Mode System of the BD MAX™ Platform 
Artigo foi aceito para publicação no The Journal of Molecular Diagnostics. Os dados parciais 
foram apresentados na forma de pôster no 115th Encontro Geral do American Society for 
Microbiology - ASM realizado entre os dias 30 de maio a 2 de junho de 2015 em New Orleans, 
LA, EUA.  Os resultados finais foram apresentados em forma de pôster no ASM Microbe que foi 
realizado entre os dias 16 a 20 de junho de 2016 em Boston, MA. 
3.3. Rapid Detection of Gram-negative Bacteria Directly from Cystic Fibrosis Patient’s 
Respiratory Samples on the BD MAX™ System  
Artigo foi aceito para publicação no Journal of Cystic Fibrosis. Os resultados finais foram 
apresentados em forma de pôster no encontro anual da Association for Molecular  Pathology – 
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A multiplex real-time PCR was validated on the BD MAX™ open system to detect 
different Mycobacterium tuberculosis complex, Mycobacterium avium complex and 
Mycobacterium spp. directly from clinical samples. PCR results were compared to traditional 
cultures. The multiplex PCR assay was found to be a specific and sensitive method to rapidly 






















Mycobacterium tuberculosis complex (MTC) and Mycobacterium avium complex (MAC) 
are the most common slow growing mycobacteria isolated from respiratory infections worldwide 
(1, 2). Tuberculosis is still a major global public health problem and one of the leading infectious 
causes of death, especially in countries in-development (1, 3, 4). In contrast, the prevalence of 
non-tuberculosis mycobacterium infection has been increasing in developed countries. MAC 
isolates represent the species most frequently associated with non-tuberculosis mycobacterial 
lung diseases in most of the world (1, 2, 5). Identification of mycobacteria responsible for 
diseases has important ramifications for infection control and selection of antimicrobial therapy. 
Identification, however, is hampered by the slow growth of most mycobacteria, which may take 
as long as 2 months by traditional culture methods (6, 7).    
Molecular methods represent a reliable and rapid alternative for laboratory diagnostics of 
mycobacteria in clinical samples (1, 3, 4). Several PCR assays have already been described for 
the detection of mycobacteria; however, some of them are conventional Polymerase Chain 
Reaction (PCR) requiring post PCR processing, others use melting curve analysis and need 
additional interpretations and some have not been used directly from clinical samples (8, 9, 10, 
11). The Cepheid Xpert MTB/RIF assay (Cepheid, Sunnyvale, California) is an FDA cleared 
assay that provides direct detection of MTC and RIF resistance in clinical samples, displaying 
good sensitivity relative to culture (12). However it does not provide for detection of MAC or 
detection of other Mycobacterium species. The BD MAX™ system (BD Diagnostics, Sparks, 
MD) is an open fully-integrated automated molecular platform that combines specimen 
processing and real-time PCR. In addition to a number of FDA-clear assays, the BD MAX also 
offers generic extraction kits and PCR reagents to be used on an open platform that allows users 
to create their own assay using their own set of primers and probes (13, 14). The aim of this 
study was to validate a multiplex PCR test to detect Mycobacterium spp. (PAN), MTC and MAC 
directly from clinical respiratory samples using a user developed protocol (UDP) on the BD 
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MAX open mode system.  This test is for primary diagnosis only and was not designed to detect 
RIF resistance. The PAN target usually encompasses broad-based characterizations of gene 
content in a given group of organisms. The pan-Mycobacterium primers used in this study were 
based on the amplification of the 16S rRNA gene from Mycobacterium spp. 
A total of 120 frozen clinical specimens, previously identified by culture at Tampa 
General Hospital (TGH) Clinical Laboratory were included in this study. Out of them, 111 were 
respiratory samples, seven were biopsies samples and two were peritoneal fluid samples. All 
samples were first processed by the Microbiology and at the Molecular laboratories using the 
standard of care mycobacteria culture and singleplex multistep manual PCR protocols (using the 
same primer-probe sets described in this manuscript). Samples were then stored at -80°C.  For 
the new PCR, samples were thawed and an aliquot of 500µL was first treated with Proteinase K 
for 30 minutes at 60°C, followed by 5 minutes at 95°C. After this pre-treatment, 250µL of the 
sample was inoculated into the BD MAX sample preparation reagent tube. Extraction and 
multiplex PCR were performed by the BD MAX system, using the BD MAX™ ExK DNA-3 
extraction kit and the BD MAX™ DNA MMK master mix (BD Diagnostics, Québec, Canada), 
along with specific in-house designed primers and probes for PAN, MTC, MAC and Beta-
Globin (BG - internal control) detection (Table 1).  
The PCR master mix was distributed in two different tubes snapped into the DNA-3 
extraction strip. The first tube, BD MAX™ DNA MMK, was a lyophilized PCR reagent mix 
containing dNTPs, MgCl
2
, Hot Start DNA polymerase and buffers. The second master mix tube 
was prepared in-house and contained a combination of  four sets of primers and probes (1.8 µM 
of each primer and 0.4 µM of the probe), 2µL of primer diluent (from BD MAX MMK) and 
water to complete a 12.5µL final volume.  Mycobacterial primers and probes used in this study 
were modified from three different references (6, 7, 15) and validated to be used as a multiplex 
real-time PCR for the first time in this study. PCR cycling conditions were as follows: 95°C for 
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10min followed by 40 cycles of 95°C for 15s and 60°C for 60s. The PCR detector gain and 
threshold for each channel were set up at 50 and 100 fluorescence detection, respectively.  
 
 Table 1. Primers and Probes used for the BD MAX multiplex  Real-Time PCR. 
Target Sequence (5’ to 3’) Gene 
PAN 
PF: CGAACGGAAAGGYCYCTTCG 
16S rRNA PR: CCGTCGTCGCCTTGGTAG 
Pb: JOE TTTWGCGGTGTGGGATGRGCCCG BHQ1 
MTC 
PF: CTGTGGGTAGCAGACCTCACCTA 
IS6110 PR: CGGTGACAAAGGCCACGTA 
Pb: FAM TGTCGACCTGGGCAGGGTTCG BHQ1 
MAC 
PF: TTGGGCCCTGAGACAACACT 
ITS PR: GCAACCACTATCCAATACTCAAACAC 
Pb: ROX CCGTGTGGAGTCCCTCCATCTTGG BHQ1 
BG 
PF: GCAAGGTGAACGTGGATGAA 
Beta-Globin PR: AACCTGTCTTGTAACCTTGATACCAA 
Pb: Quasar 705 TTGGTGGTGAGGCCCTGGGC BHQ3 
 
PF: Primer Forward; PR: Primer reverse; Pb: Probe; BHQ 1: Black Hole Quencher 1; BHQ 3: Black Hole 
Quencher 3;IS: Insertion element; ITS: Internal Transcribed Spacer sequence;  
  
The limit of detection (LOD) of the new multiplex PCR test for MTC and MAC was 
determined using the following ATCCs strains: M. tuberculosis (ATCC 27294) and M. avium 
(ATCC 25291), respectively.  For PAN, the LOD was tested three times, using three different 
Mycobacterium ATCC isolates: M. abscessus (ATCC 19977), M. tuberculosis (ATCC 27294) 
and M. avium (ATCC 25291).  A 0.5 McFarland (1.5 x 10
8
 CFU/ml) suspension of each strain 
was prepared in ultra-pure water (Sigma-Aldrich, Co. Ltd, Saint Louis, MO, US) followed by 
seven 10-fold dilutions also prepared in ultra-pure water. The highest dilution (i.e. lowest 
concentration) that was positive for PCR was tested in triplicate to determinate the LOD CT 
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(cycle threshold), mean CT and standard deviations (SD). The efficiency (R
2
) of the PCR was 
calculated from values generated by the standard curve. Specificity of the test was carried out by 
testing eight different Mycobacterium ATCC strains: M. tuberculosis (ATCC 27294), M. avium 
(ATCC 25291), M. intracelullare (ATCC 13950), M. abscessus (ATCC19977), M. chelonae 
(ATCC 35752), M. fortuitum (ATCC 6841), M. porcinum (ATCC 33776) and M. immunogenum 
(ATCC 700505). In addition extensive in silico analysis of the MTC primers indicated reactivity 
with the members of this complex. Similarly in silico analysis of the MAC and PAN 
primer/probe set demonstrated specific coverage for the respective targets. To assess the ability 
of the multiplex PCR to correctly identify more than one species of mycobacteria in a sample, an 
extra set of eight clinical samples were spiked with more than one ATCC Mycobacterium 
species. Samples were spiked with 125 µL of each McFarland suspension control. Two samples 
were spiked with M. tuberculosis and M. avium, two samples with M. tuberculosis and M. 
intracelullare, two samples with M. tuberculosis and M. abscessus and two samples with M. 
avium and M. abscessus.  
Out of 120 clinical samples included on this study, 78 were positive for mycobacteria by 
culture and 42 were negative. Thirty seven samples were identified by culture as MAC (17 M. 
avium, 15 M. intracelullare, 4 M. chimera and 1 M.bouchdehoneuse), 16 as M. tuberculosis 
complex and 25 as different mycobacteria species (10 M. abscessus group, 6 M. gordonae, 4 M. 
fortuitum, 3 M. szulgai, 1 M. marinum and 1 M. lentiflavum).  Mycobacteria species were 
identified by hsp65 sequencing.  
The new multiplex PCR was able to detect mycobacteria in 72 out of the 78 culture 
positive samples and to identify 31 samples as MAC and 16 as MTC (Figure 1A, 1B and 1C).  
Discrepant results between culture and PCR were observed in nine samples. Three of them were 
positive for MAC by culture and negative for PAN and MAC by PCR. Another three samples 
were identified as MAC by culture and as MTC and PAN by PCR. Finally, three samples 
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positive for another mycobacteria specie by culture (M. gordonae, n=2 and M. fortuitum, n=1) 
were negative for PAN by PCR. All six samples negative for PAN PCR were acid fast bacillus 
(AFB) smear negative indicating very low concentration of the organisms in the sample. 
Therefore the discrepant results between PCR and culture in these 6 cases could be explained by 
the low concentration of the target making DNA extraction more challenging, especially in 
sputum samples. The other three samples identified as MAC by culture and as MTC by PCR 
were from patients previously positive for M. tuberculosis complex infection.  We believe that 
these patients could be infected by both, MAC and MTC and, as MAC grows faster than MTC, 
culture ended up not identifying MTC.  In the other hand, MTC amplification is more efficient 
than MAC amplification, as indicated by a 2 log lower LOD, which could explain why PCR 





Figure 1. A. BD Max PAN PCR and culture results for mycobacteria detection; B. BD Max 
MAC PCR and culture results for M. avium Complex detection; C. BD Max MTC PCR and 




The sensitivity, specificity, positive predictive value (PPV) and negative predictive value 
(NPV) for each target were:  PAN - 89.7%, 100%, 100%, 84%; MAC - 83.8%, 100%, 100%, 
93.3%; MTC - 100%, 97.1%, 84.2% and 100%. The LOD, mean Ct, SD, R
2 
and efficiency for 
PAN, MAC and MTC target are described in Table 2. The efficiency of the test was very good, 
as indicated by R2 values obtained for all 3 genomics probes. All six Mycobacteria ATCC 
strains tested for specificity, as well as the eight clinical samples spiked with more than one 
ATCC mycobacteria species were correctly identified by the new PCR multiplex assay. 
Culture is the most time-consuming test to detect and identify mycobacteria in clinical 
samples. Molecular techniques have been used to detect and identify mycobacteria species faster 
than culture, reducing the turnaround time for these results to be reported, and accelerating 
treatment decisions (16, 17). Real-time PCR, in particular, has been used as an important tool for 
rapid differentiation among different mycobacteria species and for antibiotic therapy decisions 
according to each organism’s likely susceptibility profile (18). Although molecular assays are 
rapid and highly specific, negative PCR results do not guarantee that the sample is free of 
mycobacteria (19). Some limitations can be found when a new test for mycobacteria detection is 
being validated. This include choosing a sensitive and effective extraction method for 
mycobacteria detection in sputum samples that retain PCR inhibitors and, for this reason, present 
high rates of false-negative results (around 12%) (20,21).     
 Also, it is important to validate a highly sensitive test able to detect lower concentrations 
of cells since the sensitivity of real-time PCR assays are usually lower in AFB smear-negative 
samples when compared to AFB smear-positive samples (22, 23). Finally a multiplex test should 
be able to detect coinfection with different members of mycobacterial species, which can be a 
common situation in human hosts (24). This can be a difficult challenge since competition for 
common reagents used for different targets can occur with multiplex PCR tests (1). 
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Table 2. LOD dilution repetition, CT, Mean CT, SD, R
2 
and efficiency results for each one of the 
multiplex targets (PAN, MAC and MTC). 
 
LOD: Limit of Detection; CT: Ciclo Threshold; SD: standard deviations; R
2 








LOD dilution CT Mean CT (SD) R






































37.1 (1.02) 0.999 102.7 35.9 
37.5 
 1 
   The Xpert® MTB/RIF assay performed on the GeneXpert® platform (Cepheid, 
Sunnyvale, California) is an automated molecular test for simultaneous detection of tuberculosis 
and rifampicin resistance (12). The advantage of this test include a simultaneously identification 
of MTB complex and genetic mutations associated with resistance to rifampin from clinical 
samples and the potential to provide rapid access to patient results. However this test cannot 
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identify MAC complex, which occur more frequently in our patient population.  Moreover, there 
is a low incidence of multi drug resistant MTC in our population and in the US as a whole. 
Finally the cost of the MTB/RIF is greater than the multiplex assay described. A fully automated 
walk away system, such as the BD MAX, that combines extraction and amplification steps in an 
open mode platform, has the advantage of reduced hands-on time and low risk of reaction 
contamination. Moreover, different from other full automated systems that are capable to run 
only one sample at a time, the BD MAX can obtain results in less than 4 hours for up to 24 
samples. There are several studies that demonstrated the use of laboratory developed test (LDT) 
or commercial kits to detect and identify M. tuberculosis and M. avium complex by real-time 
PCR directly from clinical samples (1, 6 , 7, 15). The utility of the BD MAX open system has 
been described for other targets (25, 26); however this is the first report of a mycobacterium 
multiplex PCR developed using this system.  
In summary, the new multiplex PCR used on the BD MAX open system platform 
described in this study proved to be a sensitive and specific method to detect mycobacteria 
species, as well as to identify M. tuberculosis complex and M. avium complex. The introduction 
of this new multiplex PCR test for detection of mycobacteria in clinical samples doesn’t exclude 
culture procedures, which continue to be the most sensitive and gold standard method and are 
required to obtain isolates for susceptibility testing. However, multiplex molecular tests could be 
useful for coinfection detection and to accelerate diagnosis in cases that are smear negative. The 
test can be performed in approximately 4 hours and, by providing significantly faster results than 
culture, it can certainly accelerate the initiation of isolation protocols and targeted therapy while 
awaiting comprehensive broader susceptibility testing results. It could be used in conjunction 
with the Xpert MTB/RIF to obtain RIF resistance data in a more cost effective approach or in 
combination with other tests such as the Hain test (27) to obtain broader resistance testing on 
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3.2. Detection of Mycobacterium chelonae, Mycobacterium abscessus Group and 
Mycobacterium fortuitum Complex by a Multiplex Real-Time PCR Directly from Clinical 
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A new multiplex PCR test was designed to detect Mycobacterium chelonae, M. abscessus 
Group and M. fortuitum Complex on the BD MAX™ System. A total of 197 clinical samples 
previously submitted for mycobacterial culture, were tested using the new protocol. Samples 
were first treated with Proteinase K, and then each sample was inoculated into the BD MAX 
Sample Buffer Tube. Extraction and multiplex PCR were performed by the BD MAX System, 
using the BD MAX ExK™ TNA-3 extraction kit and BD TNA Master Mix, along with specific 
in-house designed primers and probes for each target. The Limit of Detection of each target, as 
well as specificity was evaluated. Out of 197 clinical samples included in this study, 133 were 
positive and 60 were negative for mycobacteria by culture, and another 4 negative samples were 
spiked with M. chelonae ATCC 35752. The new multiplex PCR on the BD MAX had 97% 
concordant results with culture for M. abscessus Group detection, 99% for M. chelonae and 
100% for M. fortuitum Complex. The new multiplex PCR test performed on the BD MAX 
System proved to be a sensitive and specific test to detect M. chelonae, M. abscessus Group and 













The genus Mycobacterium is composed of Mycobacterium leprae, Mycobacterium 
tuberculosis complex (MTC) and nontuberculous mycobacteria (NTM)
1
.  According to the 
Runyon classification system, Rapid Growing Mycobacteria (RGM) represents the NTM group 
characterized by forming colonies in subcultures within 7 days
2
.   
Tuberculosis is one of the world’s deadliest diseases in developing nations and is still the 
most preoccupant disease caused by mycobacteria
3
. However, the marked increase in the past 
years of infections caused by NTM, such as those caused by RGM, in resource-rich countries is 
getting the attention of the scientific community
4
. RGM are ubiquitous organisms that are 
increasingly recognized as important human pathogens
1
.  
Nearly 100 Mycobacterium species belong to the RGM group. However, the most 
common pathogens belong to the M. chelonae-M abscessus Complex (MC-MAC) and M. 
fortuitum Complex (MFC)
1, 5
. MC-MAC consists of the following species: M. chelonae, M. 
abscessus Group (M. abscessus subspecies abscessus; M. abscessus subspecies bolletii and M. 
abscessus subspecies massiliense), M. immunogenum and M. salmoniphilum
6, 7, 8
. Even though 
M. chelonae and M. abscessus are the MC-MAC species most frequently isolated in infections, 
M. abscessus Group is more resistant to antibiotics and disinfectants
9
. For this reason, the 
guidelines for diagnosis and treatment of NTM recommend the rapid identification of MC-MAC 
to the species level
1
.  
MFC comprises 12 Mycobacterium species: M. fortuitum, M. porcinum, M. peregrinum, 
M. septicum, M. houstonense, M. boenickei, M. neworleansense, M. conceptionense, M. setense, 
M. alvei, M. farcinogenes and M. senegalense
10-14
. These MFC species cause a variety of human 
infections, including skin and soft tissue (usually following penetrating trauma), pulmonary and 
catheter-related infections
11
. MFC members are usually susceptible to fluoroquinolones, 
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amikacin, meropenem, linezolid and sulfamethoxazole
15
. All 12 species from MFC have been 
isolated from human infections
11, 12, 15
. However, only M. fortuitum, M. peregrinum, M. 
porcinum, M. alvei, M. farcinogenes and M. senegalense are considered potentially pathogenic
 
(Practical handbook for the phenotypic and genotypic identification of mycobacteria, 1st Edition.  
http://www.esmycobacteriology.eu/PDF%20files/foreword.pdf, last accessed February 2016). 
Smear microscopy is still the most widely used diagnostic test for the detection of 
mycobacteria; although, it is well known that the sensitivity of this test can vary from 20% to 
80%
16
. Culture is a more sensitive test for mycobacteria detection, as only a few mycobacteria 
cells per ml of sample are needed for growth. However, culture is time consuming and 




Molecular methods, especially real-time PCR, have been used for early detection of 
mycobacteria in clinical samples
18
. These methods are rapid, sensitive, and minimize the waiting 
time for culture results. Multiplex real-time PCR tests allow rapid and efficient detection of more 




The BD MAX™ System (MAX) (BD Diagnostic Systems, Sparks, MD) is an automated 
platform that combines extraction and real-time PCR on the same instrument. It offers the choice 
of FDA-cleared assays
20
 or the open system mode for user developed tests
21, 22
.  The aim of the 
present study was to develop a multiplex PCR test to detect MC, MAG and MFC (RGM MAX 
Test) directly from clinical samples using the open system mode of the BD MAX instrument and 





Material and Methods 
Rapid Growing Mycobacteria BD MAX User Developed Test (RGM MAX Test) 
Primers and Probes: A quadruplex real-time PCR was developed to detect MC, MAG, 
MFC and Beta-globin (BG, internal control) on the BD MAX System. Primers and probes (Table 
1) for MC, MAG and MFC were designed based on alignment of sequences obtained from the 
National Center for Biotechnology Information (NCBI) database 
(http://www.ncbi.nlm.nih.gov/accessed: October 2016). Various mycobacterial sequences were 
aligned using the SeqMan II (DNASTAR 5.0 software) to obtain consensus sequences for each 
target. For MC and MAG a common set of primers and specific probes were designed using the 
Internal Transcriber Spacer (ITS) region located between the 16S and 23S rRNA genes. The set 
of primers for MC and MAG detection were modified from a previous study
24
 and specific 
probes were selected using the Primer3 Program (http://simgene.com/Primer3 /accessed: October 
2016) MC probe was designed using M. chelonae sequence and MAG probe was designed using 
the three MAG subspecies sequences:  M. abscessus, M. bollettii and M. massiliense.   
For MFC detection, a set of two forward and one reverse primer, and one probe were 
designed to detect the rpoB gene. Sequences from all 12 species belonging to M. fortuitum 
Complex were included: M. fortuitum, M. porcinum, M. alvei, M. senegalense, M. houstonense, 
M. conceptionense, M. peregrinum, M. farcinogenes, M. neworleansense, M. septicum, M. 
boenickei, and M. setense. PCR primer and probe sequences for MFC were manually designed 
based on the SeqMan alignment. Primers and probes for MC, MAG and MFC were reviewed 
using the Oligo-Analyzer 3.1 (https://www.idtdna.com/calc/analyzer /accessed: October 2016), 
an online service from IDT Biotools (Coraville, Iowa) to ensure good parameters (melting 
temperature, CG%, size), minimal self-complementary and to prevent the presence of secondary 
structures. The amplicon product was checked by the Mfold web Server 
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(http://unafold.rna.albany.edu/?q=mfold /accessed: October 2016) to make sure regions that 
could make it difficult for primers and probes to anneal were not present. Finally, a NCBI 
BLAST search was performed to confirm the specificity of each primer and probe. In the end, 
primers and probes were synthetized by IDT (Coraville, Iowa) and BG probe by Biosearch 
Technologies (Petaluma, California). 
 
    Table 1. Primers and Probes sequences used for the new RGM MAX Test. 1 




PF1: 5’ACCTGACCTGCACAAAGT 3’ 




PF2: 5’TCACCTGATCTGCACATAATGT 3’ 
PR: 5’AGCACCTCATGCGACTT 3’ 
Pb: FAM 5’CTAGCCTGAGCRTTGCTCAGCA 3’ BHQ1 
MC-
MAG 
PF: 5’CACGGGGTGGACAGGATTTA 3’ 
   ITS 
 
PR: 5’TAAGGAGCACCATTTCCCAG 3’ KT779860.1 
PbMC: Cy5 5’ATTCACCAAGCGAGTAACCA 3’ BHQ1 CU458896.1 
 PbMAG: JOE 5’TCACCAAGTAGATAYCCACTACAGA 3’BHQ1  
BG 
PF: 5’GCAAGGTGAACGTGGATGAA 3 
Beta Globin 
            
AH001475.2 
PR:  5’AACCTGTCTTGTAACCTTGATACCAA 3’ 
Pb: Quasar 705 5’TTGGTGGTGAGGCCCTGGGC 3’ BHQ3 
MFC: Mycobacterium fortuitum Complex; MC: Mycobacterium chelonae; MAG: Mycobacterium abscessus 2 
Group; BG Beta globin; PF: Primer Forward; PR: Primer reverse; Pb: Probe; BHQ 1: Black Hole Quencher 1; 3 
BHQ 3: Black Hole Quencher 3; rpoB: β subunit of bacterial RNA polymerase; ITS: Internal Transcribed Spacer 4 






MAX Procedure: The new multiplex RGM MAX Test was performed on the BD MAX 
System, using the BD MAX ExK™ TNA-3 extraction kit and the BD MAX TNA MMK Master 
Mix (BD Diagnostic Systems, Québec, Canada), along with specific primers and probes 
designed to detect MC, MAG, MFC and BG. For the new PCR, samples were thawed and an 
aliquot of 500µL was first treated with Proteinase K for 30 minutes at 60°C, followed by 5 
minutes at 95°C. After treatment, 250µL of the sample was inoculated into the BD MAX TNA-3 
extraction kit Sample Buffer Tube.  
The PCR Master Mix was distributed in two different tubes snapped into the TNA-3 
extraction strip. The first tube was the BD MAX TNA MMK, which is a lyophilized PCR 
reagent mix containing dNTPs, MgCl2, hot Start DNA polymerase and buffers. The second 
Master Mix tube was prepared in-house and contained a combination of the four sets of primers 
and probes (1.8 µM of each primer and 0.4 µM of the probe), 4.25µL of primer diluent (from BD 
MAX MMK) and water to complete a 12.5µL final volume. Cycling conditions were as follow: 
80°C for 10min and 42 cycles of 95°C for 15s and 60°C for 60s. The PCR detector gain and 
threshold were set up at 50 and 100 fluorescence detection for MAG, MFC and BG, and 50 and 
200 for MC. Color compensation was set up at 0.4 for MC probe and 1.8 for MAG probe on 
MFC probe channel.  
 
Analytical Tests The limit of detection (LoD) for MC, MAG and MFC were evaluated 
using M. chelonae ATCC 35752 and M. abscessus ATCC 19977, M. houstonense ATCC 49403 
and M. fortuitum ATCC 6841, as appropriate. A 0.5 McFarland (1.5 x 10
7
 CFU /ml) suspension 
of each strain was prepared in ultra-pure water (Sigma-Aldrich, Co. Ltd, Saint Louis, MO, US) 
followed by seven 10-fold dilutions, also prepared in ultra-pure water. A 250µL aliquot of the 
suspension was added to the BD MAX TNA-3 extraction kit Sample Buffer Tube. The last 
dilution (i.e. lowest CFU/ml concentration) that was positive for PCR was cultured in 
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Middlebrook 7H10 Agar at 37
o
C to perform colony counts on the dilution to determine the 
actual concentration and was tested in triplicate to determinate the LoD CT (cycle threshold), 
mean CT and standard deviations (SD). PCR efficiency was calculated from values generated by 
the standard curve.  
An extra set of 14 clinical samples were spiked with more than one ATCC mycobacterial 
strains to access the PCR performance to correctly identify mixed or co-infections in the same 
sample. Samples were spiked with 125µL of the following 0.5 McFarland suspension controls. 
Two samples were spiked with M. fortuitum and M. chelonae, two samples with M. houstonense 
and M. chelonae, two samples with M. fortuitum and M. abscessus, two samples with M. 
houstonense and M. abscessus, two samples with M. chelonae and M. abscessus, two samples 
with M. fortuitum, M. chelonae and M. abscessus and, two samples with M. houstonense, M. 
chelonae and M. abscessus. A total of 26 mycobacterial strains (ATCC strains and clinical 
isolates previously identified by reference lab testing), 19 different bacteria and 7 Candida 
species (ATCC and clinical samples strains previously identified on VITEK
®
 MS system 
(bioMérieux) were used for specificity testing (Table2). 
Statistical analysis for specificity, sensitivity and Cohen's kappa test were performed 
using the SPSS version 17.0 statistical software to compare the results between phenotypic and 




Table 2. Strains used for sensitivity and specificity analysis  1 
Organism Reference number Organism Reference number 
Slow Growing Mycobacteria  
M. tuberculosis ATCC 27294 Gram Negative Bacteria 
M. avium ATCC 25291 Pseudomonas aeruginosa ATCC 27853 
M. intracellulare ATCC 13950 Burkholderia cepacia ATCC 25416 
M. timonense TGH Clinical Sample Stenotrophomonas maltophilia ATCC 51331 
M. chimaera TGH Clinical Sample Achromobacter xylosoxidans ATCC 27061 
M. szulgai TGH Clinical Sample Achromobacter denitrificans ATCC 15173 
M gordonae TGH Clinical Sample Klebsiella pneumoniae 
ATCC 700603 
M. kansasii TGH Clinical Sample Proteus mirabilis TGH Clinical Sample 
M. phocaicum TGH Clinical Sample Acinetobacter baumannii TGH Clinical Sample 
M, nebraskense TGH Clinical Sample Escherichia coli ATCC 25922 
M. marinum TGH Clinical Sample Enterobacter cloacae TGH Clinical Sample 
  Neisseria gonorrhoeae ATCC 49226 
Rapid Growing Mycobacteria Neisseria meningitidis ATCC 13090 
M. mucogenicum TGH Clinical Sample Haemophilus influenzae 
ATCC 19418 
M. brisbanense ATCC 49938  
 
M. mageritense ATCC 700351 
Gram Positive Bacteria 
M. immunogenum ATCC 700505 Staphylococcus epidermidis   ATCC 14990 
M. abscessus ATCC 19977 Staphylococcus aureus 
ATCC 29213 
M. bollettii TGH Clinical Sample Streptococcus pneumoniae ATCC 19619 
M. massiliense TGH Clinical Sample Streptococcus pyogenes ATCC 19615 
M. chelonae ATCC 35752 Enterococcus durans ATCC 11516 
M. fortuitum ATCC 6841 Enterococcus faecalis ATCC 29212 
M. porcinum ATCC 33776  
M. peregrinum ATCC 14467 Candida species 
M. alvei ATCC 51305 Candida albicans ATCC 14053 
M. farcinogenes ATCC 35753 Candida krusei ATCC 14243 
M. boenickei ATCC 49935 Candida glabrata ATCC MYA 2950 
M. neworleansense ATCC 49404 Candida parapsilosis ATCC 22019 
M. houstonense ATCC 49403 Candida tropicalis ATCC 750 
M. septicum ATCC 700731 Candida guilliermondi TGH Clinical Sample 
M. senegalense ATCC BAA-851 Candida dubliniensis TGH Clinical Sample 





A total of 197 clinical specimens from Tampa General Hospital (TGH) frozen biobank 
were included  in this study. Samples were collected from TGH patients from June 2013 to 
August 2015.  Specimens were submitted for mycobacterial culture at TGH clinical laboratory 
and processed following the laboratory standard of care procedures. Residual samples were 
stored at -80°C in the TGH frozen biobank and thawed right before testing by the new RGM 
MAX Test.  
Specimens such as respiratory washes and swab, urine, gastric washes and other body 
fluids (except blood and cerebrospinal fluid - CSF) were first decontaminated with N-acetyl-L-
cysteine (NACL)-NaOH. Mycobacterial culture was performed using the BacT/ALERT MB 
culture bottles on the BacT/ALERT Microbial Detection System (bioMérieux, USA) and 
Löwenstein–Jensen medium (Thermo Scientific, USA). Microscopic analyses were performed 
after Ziehl-Neelsen staining. Culture was continuously monitored for growth until signed 
positive or negative at the end of the 60-day incubation period. Mycobacteria identification was 
performed by reference laboratories using heat shock protein 65 (hsp65) gene sequencing, 
genus/species specific probes or HPLC.  
 
Discrepant Results Samples 
Samples with discrepant results between culture and the new RGM MAX Test were 
retested by an in-house set of PCR tests for rapid growing mycobacterial identification. Three 
different PCR reactions were performed. The first one was to detect pan-mycobacteria, the 
second one to detect MC-MAG and MFC after pan positive results, and the third one was 
performed to differentiate MC from MAG, when MC-MAG PCR was positive. For these tests, 
clinical samples were pretreated with Proteinase K (Qiagen, USA) followed by DNA extraction 
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on the NucliSens easyMAG platform (bioMérieux, France). PCR reactions were performed on 





Analytical Studies  
The LoD, mean Ct, SD, R
2 
(coefficient of determination) and efficiency for MC, MAC 
and MFC target are described in Table 3. The last dilution positive by PCR, confirmed by colony 
count, was 10
1
 CFU/ml for MC and MAC and 10
2
 CFU/ml for MFC. The efficiency of the test 
was excellent, as indicated by R
2
 values obtained for all 3 genomics probes.  
A total of 52 different species of microorganisms (26 Mycobacterium species, 19 non-
mycobacteria species and 7 Candida species) were used to evaluate the RGM MAX Test primers 
and probes specificity. From the 52 microorganisms tested, 1 was M. chelonae, 3 were 
subspecies of MAG (M. abscessus, M. bollettii and M. massiliense) and 10 belong to MFC (M. 
porcinum, M. houstonense, M. senegalense, M. farcinogenes, M. boenickei, M. fortuitum, M. 
peregrinum, M. neworleansense, M. septicum and M. alvei) (Figure 1). 
The new RGM multiplex BD MAX PCR probes were specific, did not present cross 
reactivity to related organisms, and correctly identified the species correspondent to each PCR 
target. All other 38 non-MC, MAG or MFC microorganisms tested were negative with the three 
sets of primers and probes using the new RGM MAX Test. The 14 samples spiked with more 





















































38.36 (0.35) 0.99 104.9 
38 
38.4 
MFC: Mycobacterium fortuitum Complex; PF: Primer Forward; MC:  Mycobacterium chelonae; MAG:   2 
Mycobacterium abscessus Group; LoD: Limit of Detection; CT: Cycle Threshold; SD: standard deviations; R
2: 3 




A total of 197 clinical samples were included in this study. Respiratory samples were the 
most prevalent ones (n=159) followed by wound (n=12), tissue/bone (n=12), blood (n=7), fluids 
(n=3), feces (n=3) and abscess (n=1). Among 197 samples, 133 were positive and 60 were 
negative for mycobacteria by culture. An additional 4 negative samples were spiked with M. 
chelonae ATCC 35752 and included in the study. The following Mycobacterium species were 
identified within the positive cultures: 38 were RGM ( 29 MAG (M. abscessus n=22, M. bollettii 
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n=2 and M. massiliense n=5), 6 MFC (M. fortuitum n=5, one M. senegalense), one M. chelonae 
and two M. mucogenicum) and 89 slow growing Mycobacteria (46 M. avium Complex (M. 
avium n=27, M. intracellulare n=13,  M. chimaera n=5, M. timonense n=1), 11 M. tuberculosis,  
8 M. kansasii, 6 M. gordonae, 5 M. szulgai,  two M. marinum, one M. phocaicum and one M, 
nebraskense. A remaining 15 culture positive samples were not identified to the species level 
and only reported as Mycobacterium spp.   
Results from the new RGM MAX Test were compared to the standard of care 
mycobacterial culture. Ninety percent (90%) of all RGM culture positive samples (all six MFC, 
four out of five MC and 26 out of 29 MAG samples) were correctly identified by the new RGM 
MAX Test. In addition, three negative samples for mycobacteria by culture were positive for 
MAG by the RGM MAX Test (Table 4). Thus, discrepant results between culture and PCR were 
observed in seven samples. All seven discrepant samples were tested by an in-house PCR for 
MAG and MC detection using melting curve analysis. Results from six of them (five MAG and 
one MC) were in agreement with the results from the new RGM MAX Test. The last sample, 
however, was MAG positive by culture and in-house PCR, and negative by the new RGM MAX 
Test. This sample was frozen for a long period of time before testing on the BD MAX System, 
and was also reported smear negative suggesting low bacterial load in the sample. When 
compared to culture, the RGM MAX Test presented a sensitivity and specificity of: 90% and 
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Figure 1.   A: Set of common primer forward (PF) and primer reverse (PR) and specific probe (Pb) 18 
CY5 for M. chelonae (MC) and JOE for M. abscessus Group (MAG) (subspecies abscessus, massiliense 19 
and bolletii) designed using Internal Transcribed Spacer sequence (ITS) gene. B: Set of primer forward 20 
1 (PF1) for M. porcinum, M. houstonense, M. senegalense, M. farcinogenes and M. boenickei; primer 21 
forward 2 (PF2) for M. fortuitum, M. peregrinum, M. neworleansense, M. septicum and M. alvei; primer 22 
reverse (PR) and specific probe (Pb) for Mycobacterium fortuitum Complex (MFC) designed using β 23 
subunit of bacterial RNA polymerase (rpoB) gene. 24 
Pb MAG      
































Table 4:  Comparison of the new RGM BDM PCR test and culture results from 197 1 
clinical samples analyzed in this study. 2 
 RGM BDM PCR 
Negative/ 
Culture Negative 
RGM BDM PCR 
Negative/ Culture 
Positive 
RGM BDM PCR 
Positive/ Culture 
Negative 
RGM BDM PCR 
Positive/ Culture 
Positive 
M. abscessus Group  
165 3 3 26 
M. chelonae 
192 1 0 4 
M. fortuitum Complex 





Several molecular assays, including real-time PCR tests, have been developed for the 
detection and identification of MC, MAG and MFC, which are the most common Rapid 
Growing Mycobacteria isolated from respiratory infections. However, none of these tests have 
been validated for direct testing of clinical samples, or to investigate all three groups of 
mycobacteria species simultaneously
24, 26, 27, 28
. Commercial tests available for mycobacterial 
detection, such as the Cobas-Amplicor (Roche Molecular Systems Branchburg, NJ), Xpert 
MTB/RIF assay (Xpert, Cepheid, Sunnyvale, California) and the Roche LightCycler® 
Mycobacterium Detection Kit (Roche Products (Pty) Ltd, Randburg, South Africa), are not 
applicable to Rapid Growing Mycobacteria
26, 27, 28
.   To date, sequencing of the hsp65 gene is 
42 
 
considered the gold standard molecular test for RGM identification. Even though it is routinely 
used, it requires specialized interpretation and prolonged turnaround time
29
. 
The objective of this study was to validate a new molecular test that is able to detect 
rapidly growing, clinically significant mycobacteria, directly from clinical samples using the BD 
MAX System. The primers and probes presented in this study for MC and MAG detection were 
designed using the ITS gene.  The ITS sequence located between the 16S rRNA and 23S rRNA 
genes is a more varied region than the 16S rRNA gene and is better suited for M. chelonae and 
M. abscessus species differentiation
27
.   M. massiliense and M. bollettii are recognized as M. 
abscessus subspecies and to ensure this new test would not miss these subspecies, careful probe 
design in this region was essential. This was not the first time that a combination of common 
primers and specific probes for M. chelonae and M. abscessus detection is described
27
; however, 
this is the first report of a common TaqMan probe able to detect all three M. abscessus 
subspecies, as well.  
The rpoB gene was chosen as a target for detection of MFC, since it presents more 
variability among mycobacterial species than the 16S RNA gene. Designing primers and probes 
for this group of organisms was a challenge, as the whole rpoB gene sequences for all MFC 
species are not available in the NCBI GeneBank database. For this reason, sequences from M. 
alvei and M. setense were not included in the primers and probe design. Nevertheless, M. alvei 
ATCC 51305 was successfully detected by the new RGM MAX Test. M. setense and M. 
conceptionense, were not tested since no ATCC strains were available for these species. The 
second challenge in designing was to locate a region in the rpoB gene that is common to all 12 
MFC species and at the same time, uncommon to other species of mycobacteria. This was 
addressed by designing two forward primers that were inclusive of all species of the MFC.  
 In the present study, 193 frozen clinical samples previously characterized by culture and 
four negative samples spiked with M. chelonae ATCC 35752 were tested using the new RGM 
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MAX Test. Culture and PCR results were compared, and an excellent sensitivity and specificity 
were demonstrated overall for most of the targets tested. However, the sensitivity for MC was 
lower than expected (80%) and this was attributed to the lower number of MC samples included 
in the study. Samples spiked with more than one RGM species to simulate coinfection were 
successfully detected, underscoring the ability of the new test to detect more than one species in 
the same patient, as well as the lack of issues with PCR cross-reactivity.  
Even though RGM have been initially recognized as ubiquitous organisms, the incidence 
of these mycobacteria causing human infections has increased in the past few years
30
. Infections 
caused by these organisms have been associated with surgical procedures, especially in 
immunocompromised patients.  These, along with the emergence of multi-drug resistant 
mycobacteria, have increased the demand for a rapid identification of these microorganisms in 
the clinical laboratory
31, 32
.  This study presents a new multiplex PCR test that is able to detect 
and differentiate the three groups of RGM most frequently isolated in human infections.  The 
new test, as performed on the automated BD MAX System, can test up to 24 samples in 
approximately 3 hours. In addition, the test uses TaqMan probes, which allows a multiplex 
methodology without significant loss of sensitivity. This test seems to be an excellent alternative 
for the diagnosis of RGM in the samples.  
The introduction of this technique to infectious disease diagnostic testing, however, 
doesn’t exclude the need to continue processing the phenotypic tests for mycobacterial detection. 
A negative PCR result is not a guarantee that mycobacteria are not present in the sample.  
Molecular tests can be extremely helpful for the detection of coinfection caused by different 
species of mycobacteria, as well as to accelerate a clinical diagnosis in cases when the patient 
presents a smear negative result and a mycobacterial PCR positive result
33, 34, 35
. Culture is also 
still critical for determining anti mycobacterial agent susceptibility.  
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In summary, the new RGM MAX Test described in this study was developed to detect M. 
chelonae, M. abscessus Group and M. fortuitum Complex by real-time PCR on the BD MAX 
System. The new test presented excellent sensitivity and specificity and should be considered as 
an excellent tool for a rapid identification of the 14 most prevalent RGM associated with human 
infectious diseases. This test can also provide same day results, while traditional culture results 
might take up to 30 or more days to be reported. 
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Background: The aim of this study was to develop a multiplex PCR test to detect 
Achromobacter xylosoxidans (AX), Burkholderia cepacia (BC), Pseudomonas aeruginosa 
(PSA) and Stenotrophomonas maltophilia (SM) directly from CF patient’s respiratory samples 
using the open mode of the BD MAX™ System. Methods: A total of 402 CF respiratory 
samples were evaluated by culture and PCR. Specific sets of primers and probes for each target 
were designed in-house. Results: Out of 402 samples tested, 227 were identified as negative and 
175 as positive by culture for at least one target. Among culture positive samples, PCR detected 
21/27 AX, 4/5 BC, 138/140 PSA and 29/34 SM. In addition, PCR assay identified 35 samples as 
positive that were initially negative by culture for those 4 targets. Conclusion: The CF BDM test 





















Cystic Fibrosis (CF) is a recessive genetic disease caused by mutations in the cystic 
fibrosis transmembrane conductance regulator protein (CFTR) [1]. In consequence, transport of 
chloride and sodium across the epithelium cell is compromised resulting in secretions containing 
a higher concentration of salt and subsequently more viscosity [2]. As a result, chronic 
respiratory infection is common and represents the most serious complication, and is a major 
cause of morbidity and mortality in this population [3]. For this reason, CF care involves the use 
of intensive antimicrobial therapy in younger patients to eradicate initial infection and, in older 
patients to suppress chronic infection or to treat the intermittent exacerbations of respiratory 
symptoms characteristic of CF [1].  
Pseudomonas aeruginosa (PSA) remains the most common Gram-negative bacteria 
isolated from CF respiratory infections. However, in the past years, some opportunistic Gram-
negative bacteria, such as Burkholderia cepacia (BC), Achromobacter xylosoxidans (AX) and 
Stenotrophomonas maltophilia (SM) have been increasingly reported causing respiratory 
infections in these patients [4]. Together, these four microorganisms consist of the most 
prevalent Gram-negative bacteria isolated in respiratory infection of CF patients. Respiratory 
infections caused by these microorganisms are closely related to loss of the lung function and 
this fact, added to the emergence of multidrug-resistance bacteria, makes it extremely important 
to rapidly and correctly identify these microorganisms [5].   
Culture-based microbiological approaches easily identify pathogens, such as PSA, which 
are common and prevalent in CF lung infections. On the other hand, it might be challenging for 
non-pseudomonas bacteria identification, especially in laboratories that are not specialized in CF 
respiratory examination [6].  For this reason, colonization and infection by these microorganisms 
can go undetected resulting in negative consequences. In addition, phenotypic techniques are 
time consuming and results from a traditional culture can take up to 72h to be available. Early 
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detection of initial respiratory infection, however, allows successful treatment to eradicate or, at 
least, delay the onset of chronic infections [7, 8].   
Several techniques have been introduced in the routine of clinical laboratories to 
accelerate the detection of these pathogens. Polymerase Chain Reaction (PCR) amplification, 
specifically real-time PCR (qPCR), appears to be an excellent alternative for the diagnosis of 
bacterial infection directly from respiratory samples of CF patients. Many strategies of qPCR 
have already been suggested to improve detection [9, 10, 11]; none of them, however, use a 
multiplex test for a concomitant diagnostic of different bacteria strains directly from CF 
respiratory samples. 
The use of automated DNA extraction combined with qPCR reduce the risk of sample 
contamination and decrease the test turnaround time, which collaborate with early therapy 
decisions [11]. The BD MAX™ (BDM) System (BD Diagnostic Systems, Sparks, MD) is an 
automated platform that combines extraction and qPCR on the same instrument. It offers the 
choice to use their FDA-cleared assays [12] or the open platform mode for user developed tests 
[13, 14].   
The aim of this study was to develop a multiplex PCR test to detect Achromobacter 
xylosoxidans, Burkholderia cepacia, Pseudomonas aeruginosa and Stenotrophomonas 
maltophilia directly from CF patient’s respiratory samples using the open mode system of the 









2. MATERIAL AND METHODS 
2.1 Clinical Specimens: 
A total of 402 respiratory samples were tested by PCR and culture in this study. 
Respiratory samples were collected from CF patients attending the Tampa General Hospital 
(Florida, USA) (TGH) and the Children’s Healthcare of Atlanta (Georgia, USA) (CHOA). At 
TGH samples were cultured on Burkholderia cepacia selective agar (Hardy Diagnostics, Santa 
Maria, CA), TSA with 5% Sheep Blood (aerobic and anaerobic conditions), MacConkey II Agar 
and Chocolate II Agar (BD Diagnostic Systems, Sparks, MD). The media used at CHOA was 
purchased from Remel (Lenexa, KS) and included Chocolate Agar (CHOC), TSA with 5% 
Sheep Blood (BAP), MacConkey Agar, Colistin Nalidixic Acid Agar, Mannitol Salt Agar and 
Burkholderia cepacia select Agar. The CHOC and BAP were incubated in CO2, while the 
remaining media were incubated in an ambient air incubator. All plates were incubated at 35
o
C. 
Cultured organisms were identified by the VITEK
®
 MS system (BioMérieux, France). Semi-
quantitative culture results were reported accordingly to the number of colonies of each species 
identified, such as “rare”, “light”, “moderate”, “many” or “heavy”. Respiratory residual 
specimens were stored at -80ºC until they were tested by the new CF BDM Test.   
 
2.2 Cystic Fibrosis BD MAX User Developed Test (CF BDM Test) 
2.2.1 Primers and probes 
A five-plex real-time PCR was developed to detect AX, BC, PSA, SM and Beta-globin 
(BG, internal control) on the BD MAX System (Table 1). A set of primers and probe to detect 
PSA, previously described were evaluated in this study [15]. 
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Table 1. Primers and Probes used for the CF BDM Test. 
Target Sequence (5’ to 3’) Gene 
BC 
PF: TCCGGAAAGAAAWCCTTGGY 
16S rRNA PR: AATGCAGTTCCCAGGTTGAG 
Pb: FAM CGTGCGCAGGCGGTTTGCTA BHQ1 
AX 
PF: CACGAGCCGGTCTGGAA 
blaOxa-114 PR: GTGAATACCAGACCACCGAATAC 
Pb: JOE TACCAGCCYGCCTATCCCGACT BHQ1 
PSA 
PF: ACGACGGTCATGGGCAACT 
regA PR: GTGATAGTAGCCGGAGTAGTAGCTGT 
Pb: ROX AAGCTGCTCTCGGAACAGGT BHQ1 
SM 
PF: ACTGCGCGTGTARTCGTA 
metB PR: GGCATCGATCGKGACACC 
Pb: CY5 AAGGCTTCGGCAACAAGCGC BHQ1 
BG 
PF: GCAAGGTGAACGTGGATGAA 
Beta-Globin PR: AACCTGTCTTGTAACCTTGATACCAA 
Pb: Quasar 705 TTGGTGGTGAGGCCCTGGGC BHQ3 
PF: Primer Forward; PR: Primer reverse; Pb: Probe; BHQ 1: Black Hole Quencher 1; BHQ 3: Black Hole Quencher 3 
 
Primers and probes for AX,  SM, BC and BG were designed in-house and were selected 
based on alignments with sequences collected from the National Center for Biotechnology 
Information (NCBI) database (http://www.ncbi.nlm.nih.gov). Sequences were aligned using 
SeqMan II (DNASTAR 5.0 software) to obtain consensus sequences for each target. The AX 
alignment included all types of blaOXA-114 sequences available on NCBI (types a-n, p-v). Specific 
primers and probes were selected by using the Primer3 Program (http://simgene.com/Primer3) 
and all of them were checked with Oligo-Analyzer 3.0 (http://biotools.idtdna.com.analyzer), an 
online service of IDT Biotools (Coralville, Iowa) to ensure good parameters (melting 
temperature, % of Cytosine (C) and Guanine (G) nucleotide, size), minimal self-complementary 
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and to prevent the presence of secondary structures. The binding site was confirmed by Mfold 
web Server (http://unafold.rna.albany.edu/?q=mfold) to make sure regions that could impede 
primers and probes to anneal were not present. An NCBI BLAST was performed to check the 
specificity of the DNA sequences of primers and probes. Primers and probes were synthesized at 
IDT (Coralville, Iowa) and BG probe at LGT Biosearch Technologies (Petaluma, California). 
 
2.2.2 BD MAX Procedure: The new test was performed using the open mode on the BD 
MAX System, using the BD MAX™ ExK TNA-2 extraction kit and the BD MAX TNA MMK 
master mix, along with specific primers and probes for AX, BC, PSA, SM and BG detection. 
Before testing, thawed samples were transferred into a 500µL tube of SL (Sputum Liquefying) 
solution (Copan Diagnostics, California) and incubated for 15 minutes at room temperature for 
liquefaction. A 500µL aliquot of the liquefied sample was treated with 25µL of Proteinase K 
(Qiagen, Valencia, CA) at 60°C for 30 minutes and at 95°C for 5 minutes. A total of 250µL of 
each sample was inoculated into the BD MAX TNA-2 extraction kit Sample Buffer Tube. The 
PCR master mix was distributed in two different tubes snapped into the BD MAX extraction 
reagent strip. The first tube was the BD MAX TNA MMK PCR reagent mix, which is a 
lyophilized PCR reagent mix containing dNTPs, MgCl2, Hot Start DNA polymerase and buffers. 
The second master mix tube was prepared  in-house and contained a combination of the five sets 
of primers and probes (1.8µM of each primer and 0.4µM of the probe), 4.25µL of primer diluent 
(from BD MAX MMK) and water to complete a 12.5µL final volume.  Primers and probes mix 
were prepared and added to snap-in tubes at the start of the run. Cycling conditions were as 
follows: 80°C for 10min and 42 cycles of 95°C for 15s, 60°C for 60s. The PCR gain and 
threshold were set at 50 and 100 fluorescence detection for AX and BG, 50 and 200 for PSA, 50 




2.3 Discrepant Results Samples 
Samples with discrepant results between culture and the new CF BDM test were retested 
by PCR and culture to confirm previous results.  
 
2.4 Analytical Studies  
The limit of detection (LoD) for AX, BC, PSA and SM were evaluated by using the 
following ATCC strains: Achromobacter xylosoxidans ATCC 27061, Burkholderia cepacia 
ATCC 25416, Pseudomonas aeruginosa ATCC 27853 and Stenotrophomonas maltophilia 
ATCC 51331. Strains were cultured in BAP and incubated for 24h at 35ºC. A 0.5 McFarland 
(1.5 x 10
8
 CFU/ml) suspension of each strain was prepared in ultra-pure water (Sigma-Aldrich, 
Co. Ltd, Saint Louis, MO, US) followed by seven 10-fold dilutions, also prepared in ultra-pure 
water. The last PCR positive dilution (i.e. lowest CFU/ml concentration) was cultured on BAP 
and incubated for 24h at 35ºC for colony counts.  Tests were performed in triplicate to 
determinate the LoD Ct (cycle threshold), mean Ct and standard deviations (SD). PCR efficiency 
was calculated from values generated by the standard curve (R
2
) values.  
To assess the PCR assay’s ability to correctly identify more than one target present in a 
sample, an additional set of eight clinical samples by culture and CF BDM test were spiked with 
several ATCC control strains. Samples were spiked with 125µL of each McFarland suspension 
control. Two samples were spiked with B. cepacia, A. xylosoxidans and P. aeruginosa; two 
samples with B. cepacia, A. xylosoxidans and S. maltophilia; two samples with A. xylosoxidans, 
P. aeruginosa and S. maltophilia and two samples with all four ATCC controls. Additionally, 26 
mycobacteria, 15 aerobic bacteria and 7 Candida species commonly isolated from respiratory 
infections, were used for specificity tests (Table 2). 
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Table 2. Strains used for sensitivity and specificity analysis  1 
Organism Reference number Organism Reference number 
Slow Growing Mycobacteria  
M. tuberculosis ATCC 27294 Gram Negative Bacteria 
M. avium ATCC 25291 Pseudomonas aeruginosa ATCC 27853 
M. intracellulare ATCC 13950 Burkholderia cepacia ATCC 25416 
M. timonense TGH Clinical Sample Stenotrophomonas maltophilia ATCC 51331 
M. chimaera TGH Clinical Sample Achromobacter xylosoxidans ATCC 27061 
M. szulgai TGH Clinical Sample Achromobacter denitrificans ATCC 15173 
M gordonae TGH Clinical Sample Klebsiella pneumoniae 
ATCC 700603 
M. kansasii TGH Clinical Sample Proteus mirabilis TGH Clinical Sample 
M. phocaicum TGH Clinical Sample Acinetobacter baumannii TGH Clinical Sample 
M, nebraskense TGH Clinical Sample Escherichia coli ATCC 25922 
M. marinum TGH Clinical Sample Enterobacter cloacae TGH Clinical Sample 
  Neisseria gonorrhoeae ATCC 49226 
Rapid Growing Mycobacteria Neisseria meningitidis ATCC 13090 
M. mucogenicum TGH Clinical Sample Haemophilus influenzae 
ATCC 19418 
M. brisbanense ATCC 49938  
 
M. mageritense ATCC 700351 
Gram Positive Bacteria 
M. immunogenum ATCC 700505 Staphylococcus epidermidis   ATCC 14990 
M. abscessus ATCC 19977 Staphylococcus aureus 
ATCC 29213 
M. bollettii TGH Clinical Sample Streptococcus pneumoniae ATCC 19619 
M. massiliense TGH Clinical Sample Streptococcus pyogenes ATCC 19615 
M. chelonae ATCC 35752 Enterococcus durans ATCC 11516 
M. fortuitum ATCC 6841 Enterococcus faecalis ATCC 29212 
M. porcinum ATCC 33776  
M. peregrinum ATCC 14467 Candida species 
M. alvei ATCC 51305 Candida albicans ATCC 14053 
M. farcinogenes ATCC 35753 Candida krusei ATCC 14243 
M. boenickei ATCC 49935 Candida glabrata ATCC MYA 2950 
M. neworleansense ATCC 49404 Candida parapsilosis ATCC 22019 
M. houstonense ATCC 49403 Candida tropicalis ATCC 750 
M. septicum ATCC 700731 Candida guilliermondi TGH Clinical Sample 
M. senegalense ATCC BAA-851 Candida dubliniensis TGH Clinical Sample 




  Statistical analysis for specificity, sensitivity and Cohen's kappa test were performed 
using the SPSS version 17.0 statistical software to compare the results between phenotypic and 
CF BD MAX test. Results with a p-value < 0.05 were considered statistically significant. 
 
3. RESULTS 
3.1 Clinical Samples 
A total of 402 respiratory samples collected from CF patients were included in the study. 
Of these, 227 were identified as negative and 175 as positive by culture, for at least one of the 
targets tested by PCR (AX, BC, PSA and SM). Among culture positive samples, 111 were 
positive only for PSA, 21 for SM, 11 for AX, 3 for BC, 14 for PSA and AX, 11 for PSA and SM, 
2 for PSA and BC and 2 for PSA, SM and AX.  
 
3.2 CF BDM test 
Results from the new CF BDM test were compared to the standard of care CF culture. 
Four out of five BC, 21 out of 27 AX, 138 out of 140 PSA and 29 out of 34 SM were correctly 
identified by the new CF BDM test. This data includes strains isolated from single organism and 
mixed cultures. In addition, the new CF BDM test was able to identify two BC, eight AX, 12 
PSA and 13 SM among the negative cultures (Table 3). 
 
3.3 Discrepant Results Samples 
 A total of 49 discrepant results were observed between culture and CF BDM test. Of 
these, 35 samples were negative by culture and positive by the new CF BDM test for at least one 
of the four targets tested (two were positive for BC, eight were positive for AX, 12 were positive 
for PSA and 13 were positive for SM).  Another 14 samples were positive by culture for at least 
one of the four targets tested and negative by the CF BDM test (one was positive for BC, six 
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were positive for AX, two were positive for PSA and five were positive for SM). All 49 samples 
with discrepant results were retested by culture and by the new CF BDM test.  All 49 repetitions 
confirmed the previous results obtained by the CF BDM test and were negative by culture for 
AX, BC, PSA and SM.  
 
Table 3:  Comparison of the new CF BDM PCR test and Culture Results from 402 CF Samples  
 CF BDM PCR 
Negative/ 
Culture Negative 
CF BDM PCR 
Negative/ Culture 
Positive 
CF BDM PCR 
Positive/ Culture 
Negative 
CF BDM PCR 
Positive/ Culture 
Positive 
P. aeruginosa (PSA) 250 2 12 138 
B. cepacia (BC) 395 1 2 4 
A. xylosoxidans (AX)* 367 6 8 21 
S. maltophilia (SM) 355 5 13 29 
            *Culture results were identified as A. xylosoxidans_denitrificans by the Vitek
®
 MS System.  
 
3.4 Analytical Studies 
The LoD, mean Ct, SD, R
2 
and efficiency for AX, BC, PSA and SM targets are described 
in Table 4. The last PCR positive dilution confirmed by colony count was 10
2
 for AX, BC and 
PSA and 10
3
 for SM.  
A total of 52 different species of microorganisms (26 mycobacteria species, 19 non-
mycobacteria species and 7 Candida species) were used to evaluate the CF BDM test primers 
and probes specificity. The new CF BDM test probes were specific, didn’t present cross 
reactivity to related or unrelated organisms and correctly identified the species corresponding to 
each PCR target. The 8 negative samples spiked with more than one of the bacterial targets were 
correctly identified by the CF BDM test. 
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After PCR results were compared to culture, the CF BDM test presented a sensitivity and 
specificity of: 78% and 97% for AX; 80% and 99% for BC; 99% and 97% for PSA and 85% and 
96% for SM, respectively. The Kappa test was 0.73 (moderate level of agreement) for AX; 0.72 
(moderate level of agreement) for BC 0.92 (almost perfect level of agreement) for PSA and 0.74 
(moderate level of agreement) for SM [16]. The overall agreement between culture and the new 
CF BDM Test was 99.3% for BC, 96.5% for AX, 96.5% for PSA, and 95.5% for SM.   
 
4. DISCUSSION 
Respiratory infections remain a major threat to CF patients. Rapid detection and correct 
identification of the bacteria implicated in these infections is critical for therapeutic management 
of these patients [2, 3, 4, 17]. 
Cultured based methods still remain the gold standard for CF respiratory infection 
diagnosis. However, culture-based analysis can be problematic since the process is time-
consuming, potentially inaccurate, and requires species-specific selective media [18]. Cultivation 
allows an assessment of all pathogens present in the specimen evaluated; though, in cases of 
polymicrobial cultures, commonly found in CF patients,  faster growing organisms can overgrow 
or obscure slower growing organisms, or those present in lesser numbers. More fundamentally, 
culture might miss organisms that have formed biofilms in vivo and other organisms that may 
not grow in current culture media incubated in routine clinical environments (atmosphere and 
temperature)[19, 20, 21].   
Culture-independent studies using molecular methods have allowed a more precise 
evaluation of the microbial diversity in the lung of CF patients [19, 20, 22]. Different approaches 
applying such methods have been extensively used to study the microbial communities, 
including real-time PCR, Sanger sequencing, pyrosequencing and lately, next-generation 
sequencing. The strengths of these methods are that they can be performed directly from clinical 
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samples without any need for culturing [23]. In addition, data generated from these techniques 
has begun to alter our thinking about the CF microbiota and distinctive features of the CF airway 
affecting bacterial growth [23].    
The present study aimed to develop a multiplex real-time PCR for rapid detection of four 
important Gram-negative pathogens, commonly isolated from CF patient’s respiratory samples 
[18, 24, 25]. The new test was developed to work on the BD MAX, a fully automated walk-away 
system, which combines extraction and amplification steps in an open-mode platform and has 
the advantage of reduced hands-on time and low risk of reaction contamination. Moreover, in 
contrast to other fully automated systems that can run only one sample at a time, the BD MAX 
can test up to 24 samples concomitantly [12, 13, 14]. The overall agreement between the culture 
and PCR for 402 respiratory samples analyzed was f 99.3% for BC, 96.5% for AX, 96.5% for 
PSA, and 95.5% for SM. Of the 49 samples with discrepant results, 35 were negative by culture 
and positive by the new CF BDM test for at least one of the four targets tested, and 14 were 
positive by culture and negative by PCR. Culture limitations described above could possibly 
explain these 35 culture negative discrepant results, due to polymicrobial growth with potential 
overgrowth with PSA in particular. A limitation of our study is not having a third technique to 
resolve the discrepant results between culture and the CF BDM test. In spite of this, the results 
from this study presented a high overall agreement between the two methods analyzed and it 
proved to be a sensitive and rapid test to detect four Gram-negative bacteria commonly found in 
the lung of CF patients.  
The availability of a rapid test for identification of common bacterial species associated 
with severe respiratory infections can improve the health and prognosis for the CF patients 
treated all over the world. In this instance, molecular diagnostic assays may provide the only 
reliable method to detect the presence of these organisms [19-23]. If results from respiratory 
samples are available sooner, appropriate antimicrobial treatment can be initiated sooner and the 
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lung damage caused by these infections may be avoided or at least, postponed. In addition, the 
dissemination of some contagious bacteria around the hospital and among CF patients may be 
prevented. The clinical importance and infection control implications of specific bacterial 
organisms such as PSA and BC in CF patients make rapid and accurate identification imperative. 
Finally, such testing and targeted treatment may help to delay the need for lung transplantation 
and allow a better management of the patient after transplantation, since these organisms can be 
also problematic for post-transplant patients.  
It is clear that both, culture-based and molecular methods can contribute to the clinical 
management of CF respiratory infections, and in many ways, the two methods are 
complementary. Benefits of culture-based methods include the inexpensive cost and the ability 
to identify viable organisms that can be archived for further epidemiological and antimicrobial 
studies [10, 18, 21]. However, culture independent tests, such as real-time PCR performed 
directly on CF respiratory samples, appears to offer advantages for detection of polymicrobial 
infections and uncultivable strains, yielding results more rapidly than culture [20, 22]. The new 
CF BDM test described in this study was able to test up to 24 samples in less than 4h. Results 
from culture, on the other hand, took up to 72h to be available.  
To conclude, our study presented a new CF BDM test, which was able to identify directly 
from respiratory samples four Gram-negative pathogens, commonly found in the respiratory tract 
of CF patients. The new test presented a high overall agreement for all four targets tested, on a 
walkaway automated molecular platform. The ability to test a direct specimen may aid in 
guiding the administration of prophylaxis in patients with severe respiratory diseases and in pre- 
and post-lung transplant patients.  This new BD MAX assay for the detection of four major 
Gram-negative organisms in CF is a powerful tool for rapid detection of organisms and will play 
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4. CONSIDERAÇÕES   FINAIS 
 O BD MAX é atualmente a plataforma molecular automatizada com um sistema aberto 
para o desenvolvimento de testes UDPs, que apresenta maior flexibilidade para trabalho em 
laboratórios clínicos. Porém, o uso desta modalidade aberta da plataforma ainda é pouco 
difundido e aplicado no diagnóstico microbiológico. A fim de explorar as ferramentas 
apresentadas pelo sistema aberto do BD MAX, foram elaborados 3 estudos distintos para 
detecção de microrganismos patogênicos direto de amostras clínicas. 
 Os 3 estudos  apresentados são pioneiros na área de diagnóstico molecular por algumas 
razões. Primeiramente, por usar o modo aberto do sistema BD Max; em segundo lugar, por 
introduzir o uso de testes multiplex nesta plataforma, usando reagentes de extração e de PCR 
disponíveis para uso no sistema BD Max e, em terceiro lugar, por validar  testes UDPs, 
desenvolvidos “in house” para o diagnóstico de infecções graves e desafiadoras no setor de 
microbiologia laboratorial, tais como: infecções de sitio respiratório em pacientes com fibrose 
cística e infecções causadas por micobactérias. 
A principal dificuldade encontrada no uso de métodos fenotípicos no diagnóstico de 
infecções causadas por micobactérias é o crescimento lento destes microrganismos que pode 
variar de 7 (micobactérias de crescimento rápido) a 30 dias (micobactérias de crescimento lento) 
(Coppenraet et al., 2004). O primeiro estudo apresenta uma possibilidade de diagnóstico 
molecular, direto da amostra clínica, para a detecção e identificação dos dois principais grupos 
de micobactérias de crescimento lento causadores de infeções: o complexo M. tuberculosis e o 
complexo M. avium. O teste foi desenvolvido com a metodologia qPCR, usando a modalidade 
multiplex e o modo aberto da plataforma BD MAX, possibilitando que resultados sejam 
detectados em até 4 horas. O diagnóstico fenotípico leva em média um mês para ser reportado. 
Os resultados apresentados no estudo apontaram uma alta sensibilidade do multiplex, 
capacitando a detecção de microrganismos em baixa concentração e, uma alta concordância, 
70 
 
quando os resultados do novo teste foram comparados com os resultados da cultura. A presença 
de resultados discordantes, ao qual a cultura foi positiva e o PCR multiplex no BD MAX 
negativo foram justificados pelo uso de amostras clínicas congeladas e a presença de coinfecção 
em algumas amostras. 
O segundo estudo, que também abordou uma alternativa para o diagnóstico de infecções 
causadas por micobactérias, apresentou a validação de um teste multiplex para detecção das 14 
principais espécies de micobactérias de crescimento rápido (MRC) causadores de infecções, 
utilizando o modo aberto da plataforma BD MAX.  Esta foi a primeira vez em que foi sugerido 
um teste multiplex usando o sistema TaqMan para detecção de MRC em uma plataforma 
molecular automatizada, como o sistema BD MAX. Os resultados descreveram uma alta 
sensibilidade do teste multiplex, capacitando a detecção de microrganismos em baixa 
concentração e, uma alta concordância quando os resultados do novo teste foram comparados 
com os resultados da cultura. O novo teste também apresentou um excelente índice Kappa para 
os 3 organismos alvos do multiplex. 
O terceiro  estudo, apresentou  em comum com os outros dois o uso da plataforma BD 
MAX para o diagnóstico molecular. Porém, este estudo teve como objetivo o diagnóstico de 
infecções respiratórios em pacientes portadores de fibrose cística. O estudo validou um teste 
multiplex para detecção de Burkholderia cepacia (BC), Achromobacter xylosoxidans (AX), 
Pseudomonas aeruginosa (PSA) e Stenotrophomonas maltophilia (SM) direto de amostras 
respiratórias coletadas de pacientes com fibrose cística, utilizando  o modo aberto da plataforma 
BD MAX. O estudo é pioneiro para o diagnóstico de bactérias causadores de infecções 
respiratórias em pacientes portadores de fibrose cística e aborda uma alternativa para cultura 
bacteriológica, que apresenta baixa sensibilidade nestes pacientes. Apesar dos resultados da 
validação analítica apresentados neste estudo serem bem satisfatórios, resultados discordantes 
entre o  qPCR multiplex proposto e as culturas bacteriológicas também foram observados.  A 
71 
 
maioria dos resultados discordantes, no entanto, foram positivos para o qPCR multiplex e 
negativos para a cultura, o que corrobora ainda mais a necessidade de um método mais sensível 
para o diagnóstico de infecções respiratórias nesta população. 
Os 3 estudos foram realizados com apoio financeiro da BD Diagnostics dos EUA. O 
TGH é autorizado a realizar estudos com resíduos biológicos (Anexo 1), porém a presente tese 
também apresenta registro do comitê de ética da UNIFESP (Anexo 2). O TGH apresenta um 
banco de material biológico (fezes, resíduos respiratórios) ao qual são usados para os estudos de 
validações clínicas elaborados pelo laboratório e que foram usados nos estudos apresentados. 
Em síntese, os resultados dos 3 estudos foram satisfatórios, apresentando excelente 
sensibilidade e especificiade. O primeiro e o segundo estudo permitem acelerar o diagnóstico das 
principais micobactérias causadoras de infecções, na qual o procedimento clássico leva no 
mínimo 7 dias para ser finalizado. Já o terceiro estudo permite aumentar a sensibilidade na 
detecção de 4 microrganismos frequentemente isolados em amostras respiratórias de pacientes 
portadores de fibrose cística. O BD Max provou ser um excelente instrumento molecular que usa 
a técnica de qPCR com acurácia, de forma automatizada e com a opção de desenvolver 
protocolos multiplex in-house. Os estudos apresentados poderão ser eventualmente  introduzidos 
na rotina de laboratórios clínicos para auxiliar os métodos clássicos de cultura microbiológica, 
agregando agilidade e sensibilidade no diagnóstico e visando um resultado mais rápido e acurado 
para o paciente. 
Concluíndo, os métodos moleculares cada vez mais estão sendo introduzidos na rotina de 
laboratórios clínicos para auxiliar os métodos clássicos de cultura microbiana, agregando 
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